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Molecular Basis of Box C/D RNA-Protein
Interactions: Cocrystal Structure
of Archaeal L7Ae and a Box C/D RNA
Watkins et al., 1996; Samarsky et al., 1998). It is also
clear that a fraction of snoRNAs, such as U3, U8, and
U14, depend on the same sets of conserved box C/D
sequences to carry out site-specific cleavage of ribo-
somal RNAs (Baserga et al., 1991; Li and Fournier, 1992;
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Tallahassee, Florida 32306 Peculis and Steitz, 1994; Samarsky and Fournier, 1998;
Watkins et al., 2002). Another type of snoRNP, the box
H/ACA snoRNPs, catalyzes site-specific pseudouridyla-
tion of rRNA by employing similar mechanisms of sub-Summary
strate recognition and enzyme organization (Ofengand
and Fournier, 1998; Venema and Tollervey, 1999; Kiss,We have determined and refined a crystal structure
2002; Rozhdestvensky et al., 2003).of the initial assembly complex of archaeal box C/D
Earlier biochemical studies have shown that the con-sRNPs comprising the Archaeoglobus fulgidus (AF)
served box C and D sequences are the sites of proteinL7Ae protein and a box C/D RNA. The box C/D RNA
assembly (Kuhn et al., 2002; Szewczak et al., 2002; Wat-forms a classical kink-turn (K-turn) structure and the
kins et al., 2002). The first protein that interacts with theresulting protein-RNA complex serves as a distinct
box C/D sequences is a member of an RNA bindingplatform for recruitment of the fibrillarin-Nop5p com-
protein family. This protein was identified to be 15.5 kDaplex. The cocrystal structure confirms previously pro-
(Watkins et al., 2000) in human and L7Ae in Archaeaposed secondary structure of the box C/D RNA that
(Kuhn et al., 2002). The initial interaction establishedincludes a protruded U, a UU mismatch, and two
between the RNA binding protein and the box C/D motifsheared tandem GA base pairs. Detailed structural
is required for subsequent assembly of other snoRNP orcomparisons of the AF L7Ae-box C/D RNA complex
sRNP proteins, including fibrillarin, the eucaryal Nop56/with previously determined crystal structures of L7Ae
58p, or the archaeal Nop5p proteins (Watkins et al.,homologs in complex with functionally distinct K-turn
2002; Cahill et al., 2002; Rashid et al., 2003; Tran et al.,RNAs revealed a set of remarkably conserved princi-
2003). Although the Nop56/Nop5p proteins appear toples in protein-RNA interactions. These analyses pro-
interact directly with the conserved box C/D elementsvide a structural basis for interpreting the functional
upon binding of the 15.5 kDa/L7Ae protein (Cahill et al.,roles of the box C/D sequences in directing specific
2002; Rashid et al., 2003; Watkins et al., 2002), fibrillarinassembly of box C/D sRNPs.
is the subunit that catalyzes the actual methyl transfer
reaction (Niewmierzycka and Clarke, 1999; Omer et al.,
Introduction 2000, 2002; Wang et al., 2000). Thus the recruitment of
fibrillarin in the assembly of box C/D s(no)RNPs medi-
Box C/D small nucleolar ribonucleoprotein particles ated by the 15.5 kDa/L7Ae protein suggests an impor-
(snoRNPs) catalyze site-specific 2-O-methylation and tant functional role for 15.5 kDa/L7Ae in constructing the
processing of ribosomal RNAs (rRNAs). These reactions RNA architecture around the active site before catalysis.
are dependent on both the box C/D RNA and the protein Recent evidence suggests that the box C/D se-
components of the enzyme (Maxwell and Fournier, 1995; quences form a kink-turn (K-turn) motif similar to that
Weinstein and Steitz, 1999; Lafontaine and Tollervey, formed by the 5 stem of U4 small nuclear RNA (PDB
2000; Fatica and Tollervey, 2003). The core complex of 1E7K) bound also to the 15.5 kDa protein (Watkins et
a eukaryotic box C/D snoRNP is composed of a box al., 2000). Accordingly, mutation of the proposed tan-
C/D RNA and four protein components. Archaeal box dem GA pairs in the box C/D RNA disrupted in vitro
C/D small ribonucleoprotein particles (sRNPs) consist interactions between box C/D RNAs and the 15.5 kDa/
of a box C/D RNA plus three proteins, thus representing L7Ae protein (Kuhn et al., 2002; Rashid et al., 2003;
simplified homologs of the eukaryotic snoRNPs (Omer Szewczak et al., 2002; Tran et al., 2003; Watkins et al.,
et al., 2000, 2003; Dennis et al., 2001; Speckmann et al., 2002) as well as in vivo functioning of box C/D RNAs
2002; Terns and Terns, 2002). Box C/D RNAs in both (Huang et al., 1992; Samarsky and Fournier, 1998). These
kingdoms can be identified by one or two sets of con- structural similarities between box C/D RNA and the U4
served sequence elements, box C and box D, as well 5-stem RNA suggest that 15.5 kDa is also a snoRNP
as one or two antisense regions complementary to ribo- protein in addition to its function in U4/U6•U5 tri-snRNP
somal RNAs (rRNA) (Kiss-Laszlo et al., 1998; Lowe and assembly (Nottrott et al., 1999). Indeed, genetic deple-
Eddy, 1999; Omer et al., 2000). Box C has the sequence tion of Snu13p (yeast homolog of 15.5 kDa) in yeast
RUGAUGA (where R stands for purines) and box D has resulted in specific reduction of box C/D snoRNAs (Wat-
the sequence CUGA. These conserved box C/D se- kins et al., 2000). The archaeal protein L7Ae also has a
quence elements play critical roles in methylation site dual function; it is both a box C/D sRNP protein (Kuhn
selection, stability, and localization of s(no)RNPs (Huang et al., 2002) and a ribosomal protein that interacts with
et al., 1992; Peculis and Steitz, 1994; Terns et al., 1995; K-turn 15 (KT-15) of the 23S rRNA (PDB code: 1JJ2) (Ban
et al., 2000). In addition, L7Ae was recently implicated in
archaeal box H/ACA sRNP assembly (Rozhdestvensky*Correspondence: hongli@sb.fsu.edu
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Figure 1. A Box C/D sRNP Assembly Model
and the Overall Structure of the Box C/D RNA-
L7Ae Complex
(A) A box C/D sRNP consists of L7Ae, fibril-
larin-Nop5p complex and a box C/D RNA
where R  purines. Conserved box C and
box D sequences are highlighted in red. The
fibrillarin-Nop5p complex is modeled ac-
cording to the crystal structure of AF fibril-
larin-Nop5p complex.
(B) Nucleotide sequences and the proposed
secondary structure of the minimal box C/D
RNA used in cocrystallization study. The 25-
mer RNA includes all conserved box C/D se-
quences and a terminal stem capped by a
GAAA tetraloop (blue). The two stems are
named according to the conventions of Klein
et al. (2001) and Watkins et al. (2000).
(C) The overall crystal structure of the L7Ae-
box C/D RNA complex labeled with second-
ary structure elements for L7Ae and nucleo-
tide names for the 25-mer RNA.
et al., 2003), suggesting a possible third role in archaeal binding activities of 15.5 kDa/L7Ae, may determine the
unique tertiary structure of each core complex andRNP assembly. As a result of these findings, 15.5 kDa/
L7Ae was proposed to have a regulatory role in coordi- therefore drives the specificity for subsequently as-
sembled proteins in these RNPs. Thus, comparing thenating multiple RNP biogenesis (Kuhn et al., 2002; Wat-
kins et al., 2000). In these multiple and distinct RNPs, three-dimensional structures of different K-turn RNAs
can provide insights on how 15.5 kDa/L7Ae initiatesthe RNAs interacting with 15.5 kDa/L7Ae have similar,
although not identical, secondary structures. It is un- and coordinates different assembly events. The only
cocrystal structures reported previously are that of 15.5clear how the 15.5 kDa/L7Ae protein is able to select a
specific K-turn RNA during multiple RNP assembly. kDa bound with the 5 stem loop of U4 snRNA (Vidovic et
al., 2000) and that of the L7Ae homolog from HaloarculaFollowing the initial interaction of the 15.5 kDa/L7Ae
with their cognate K-turn RNAs, additional proteins bind marismortui (HM) bound with KT-15 of 23S rRNA (Ban
et al., 2000).to the 15.5 kDa/L7Ae-RNA complexes to produce ma-
ture RNPs. These subsequently assembled proteins in In this report, we describe a cocrystal structure of
an L7Ae and a box C/D RNA at 2.7 A˚ resolution. Adifferent RNPs vary significantly in composition. For ex-
ample, binding of 15.5 kDa to U4/U6 snRNAs in human recombinant form of the L7Ae from Archaeoglobus ful-
gidus (AF) and a synthetic 25-mer RNA containing con-enables snRNP proteins such as the 61 kDa protein and
the 20/60/90 kDa complex to bind to the U4/U6 snRNP served box C/D sequences was used for crystallization.
We have also determined a crystal structure of the com-(Nottrott et al., 2002). Association of L7Ae with the 23S
rRNA may enable the organization of other large sub- plex of AF L7Ae bound with a mutant box C/D RNA
where the UU mismatch pair was replaced by a GCunit proteins such as L15e. In the assembly of box C/D
s(no)RNPs, binding of 15.5 kDa/L7Ae to box C/D RNA Watson-Crick pair (U5G/U21C mutant) that occurs at
the same position within the U4 snRNA. Structural differ-initiates subsequent assembly of other s(no)RNP pro-
teins that include fibrillarin and Nop56/Nop5p. The ences and similarities between the L7Ae-box C/D RNA
complex and previously determined 15.5 kDa/L7Ae-structure of a K-turn RNA, combined with the diversified
Cocrystal Structure of L7Ae and Box C/D RNA
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Table 1. Data Collection, Phasing, and Refinement Statistics
Data Collection Statistics
Diffraction Ratiosb
Wavelength Resolution Measured Unique I/
Data Sets (A˚) (A˚) Reflections reflections Rsyma (%) (I) Completeness 1 2 3
1 (peak) 0.9193 50.0–2.7 704,959 16,140 0.084 (0.727) 91.5 (7.8) 99.9 (100.0) 0.037 0.032 0.033
(2.8–2.7)
2 (edge) 0.9202 50.0–2.8 453,789 14,768 0.082 (0.665) 68.9 (7.2) 99.9 (100.0) 0.027 0.021
(2.9–2.8)
3 (remote) 0.9062 50.0–3.0 369,199 12,047 0.090 (0.481) 63.3 (9.9) 100.0 (100.0) 0.033
(3.1–3.0)
Refinement Statistics
Rmsd %Phi-Psi in core
Resolution (A˚) Rcrystc (%) Rfreec (%) No. of nonhydrogen atoms bond (A˚) Rmsd angle () region (disallowed)
50–2.7 23.5 (37.6) 26.0 (39.6) 2,851 0.007 2.1 A: 86.6% (0%)
(2.9–2.7) B: 90.1% (0%)
Phasing Statistics
Wavelength 1 2 3
Phasing Powerd 1.5 0.9 1.2
RisoCullise 0.73 0.634 0.757
Figure of merits 0.67
Values in parenthesis are those for the highest resolution shell.
a Rsym  ihkl|I(hkl) 	 Ii(hkl)|/hkl I(hkl), where Ii(hkl) is the ith measured diffraction intensity and I(hkl) is the mean of the intensity for the miller index
(hkl).
b Diffraction ratios are fined as 
|F|21/2/|F|21/2, where 
|F|2 are taken between the current and the reference wavelength (3) for dispersive
ratios and between matched Bijvoet pairs for anomalous ratios.
c Rcryst  hkl|Fobs(hkl)| 	 |Fcalc(hkl)|/hkl|Fobs(hkl)|; Rfree  Rcryst for a test set of reflections (10%) not included in refinement.
d Phasing Power for the ith wavelength 
√|Fi 	 Fref|2/
φ
P(φ)(|Fref|eiφ  
FH| 	 |Fi|)2dφ,
where P(φ) is the experimental phase probability distribution.
e Risocullis  hkl||Fi|  |Fref| 	 |FH|/hkl|Fi| 	 |Fref|.
K-turn RNA complexes and a new L7Ae-box C/D-like The final structure of the complex was refined to 2.7 A˚
with excellent crystallographic residual and stereo-terminal loop K-turn RNA complex (T. Hamma and A.
Ferre-D’Amare, personal communication) will be re- chemistry values (Table 1). The U5G/U21C mutant com-
plex was crystallized in the same space group withported.
nearly identical unit cell dimensions and its structure
was refined to 3.2 A˚ by using the wild-type complex asResults and Discussions
the starting structure model.
Structure Determination
A number of RNA constructs containing the consensus L7Ae Structure
The AF L7Ae protein is a mixed / protein with a centralbox C/D sequences were used for crystallization of the
AF L7Ae-box C/D RNA complex. The same conventions four-stranded  sheet sandwiched by a total of six 
helices on both sides. This structural fold has been ob-used by Watkins et al. or Klein et al. to label K-turn RNA
secondary structure elements will be employed (Klein served in its homologs, 15.5 kDa protein (Vidovic et al.,
2000), HM L7Ae (Ban et al., 2000), and yeast ribosomalet al., 2001; Watkins et al., 2000). As such, the stem
containing the Watson-Crick base pairs is the canonical protein L30 (Mao et al., 1999). Note that helix 3 in AF
L7Ae corresponds to the tighter 310 helix, 3, of the 15.5stem, or stem I, and the stem containing the UU mis-
match is the noncanonical stem, or stem II (Figure 1). kDa structure (Vidovic et al., 2000), hence AF L7Ae has
six instead of five helices (Figure 1). The AF L7Ae struc-L7Ae was combined with 23- to 25-mer oligos containing
a GAAA tetraloop that closed at the end of stem I (Figure ture superimposes well with each of these protein struc-
tures. The root-mean-square deviation (rmsd) values be-1). RNA and L7Ae of varying molar ratios were combined
and subjected to crystallization trials. Only the complex tween C atoms of AF L7Ae and those of 15.5 kDa, HM
L7Ae, and the yeast L30 protein (RNA bound form) areof L7Ae and a 25-mer RNA at a 1:1.2 (protein:RNA) ratio
yielded diffractable crystals. The structure was deter- 0.9 A˚ (112 C atoms), 0.67 A˚ (116 C atoms), and 1.47 A˚
(79 C atoms) respectively. Recently two other crystalmined by the multiple wavelength anomalous diffraction
(MAD) method from a three-wavelength data set col- structures of L7Ae from Methanococcus jannaschii (MJ)
were determined, one bound with a terminal stem looplected on a single crystal containing three 5-Br-uridines.
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Figure 2. Structural Features of the Box C/D RNA K-Turn Structure
(A) A network of hydrogen bonds is observed between stems I and II that stabilizes the sharp bend in the phosphate backbone. Coaxial
stacked purine residues (labeled by boldface letters) form a hydrophobic core within the K-turn.
(B) Base pairs that are involved in formation of the central core coaxial stack.
K-turn RNA (T. Hamma and A. Ferre-D’Amare, personal last two nucleotides in box D (CUG6A7) respectively. The
second U in box C (NRUGAU21GA) forms a UU mismatchcommunication) and one free of bound RNA (B. Brown
II, personal communication). The rmsd values between with the U in box D (CU5GA) through a single imino-
4-carbonyl hydrogen bond. The last G in box C (NRU-AF L7Ae C atoms and those of the MJ L7Ae bound
with the terminal loop K-turn RNA and those of the free GAUG22A) forms a Watson-Crick base pair with the first
C in box D (C4UGA) and the last A in box C (NRU-MJ L7Ae are 0.65 A˚ (100 C atoms) and 0.61 A˚ (111 C
atoms) respectively. This comparison showed that the GAUGA23) also forms a Watson-Crick AU base pair in our
structure. The sequences of the two bulged nucleotidesL7Ae structure is well conserved and it undergoes mini-
mal conformational changes upon association with preceding the protruded U in box C (N16R17UGAUGA)
are not conserved; however, they participate in stackingK-turn RNAs. The three-dimensional homology search
server, DALI (http://www2.ebi.ac.uk/dali/), also matched interactions with both stems I and II, contributing to
formation of the distinct architecture of the K-turn. Nota-the L7Ae structure with domain 3 of human eukaryotic
release factor Erf1 (Song et al., 2000) with a 1.6 A˚ rmsd bly, the unpaired purine nucleotide (NR17UGAUGA)
adopts a syn conformation around its glycosidic bondfor a total of 76 C atoms.
in order to avoid clashing with the G nucleotide down-
stream (NRUG19AUGA) and to maximize a cross-strandBox C and D Sequences Form a K-Turn Motif
adenine stack with the A nucleotide in box D (CUGA7)Box C and D nucleotides fold into the K-turn motif; a
(see below). The same structural features for this nucleo-secondary structure first predicted by Watkins et al.
tide are also observed in the U4 and KT-15 RNAs.based on their biochemical studies (Watkins et al., 2000).
The phosphate backbone of the box C nucleotides isThe principle features of the K-turn motif include an
bent nearly 58, bringing stem I and stem II in closeasymmetric loop, a protruded nucleotide, two tandem
proximity, thus allowing a number of tertiary interactionsGA pairs and a sharp bend in the phosphate backbone
between the two stems. Hydrogen bonding and base(Klein et al., 2001). All conserved sequences in box C
stacking interactions are the principle stabilizationand D reside within the asymmetric loop and stem II
forces for the box C/D fold. Structural analysis per-regions of the K-turn (Figure 1). The first U in box C
formed by the 3DNA program (Lu et al., 2000) showed(NRU18GAUGA) protrudes from the helix into solution.
that the nucleotides within stem II have more extensiveThe next two downstream nucleotides, GA (NRU-
G19A20UGA), form two sheared GA base pairs with the base-stacking interactions than those within stem I (Fig-
Cocrystal Structure of L7Ae and Box C/D RNA
811
Figure 3. Structural and Surface Electrostatics Comparison among the Three K-Turn RNAs that Are Bound with the 15.5 kDa/L7Ae Protein
(A) Secondary structures of the K-turn RNAs shown with their binding proteins (snu13p is the yeast homolog of 15.5 kDa).
(B) Characterization of the degree of bending for the phosphate backbones of the kink strand of the three RNAs. Phosphate atoms of each
nucleotide are displayed and traced. The degree of bending was calculated as the angle between two vectors, one connecting the phosphate
atom of the protruded uridine to the fourth phosphate downstream and one connecting the phosphate atom of the protruded uridine to the
fourth phosphate upstream. Boxed nucleotides in the U4 5-stem and KT-15 RNAs showed largest rmsd when directly superimposed with
the box C/D RNA.
(C) Electrostatic potential surfaces of the K-turn RNAs in the form bound to their cognate proteins are displayed in roughly the same orientations
as those in (B). The electrostatic potential were computed by solving the nonlinear Poisson-Boltzmann equation and were displayed in color
coding as yellow→red→white→blue→green, where yellow (	4 kcal/mol/e) and red are negative, white is neutral, and blue and green (1.0 kcal/
mol/e) are positive potentials. In all three complexes, the region under the sharply bent phosphate backbone has the most negative potential.
ure 2), which is facilitated by the two tandem GA pairs groove edges of these nucleotides for interacting with
other bases and with L7Ae.and the unpaired purine nucleotide. As shown in Figure
2, a coaxial base stack consisting of U21, A20, A7, and
G17 constitutes a central hydrophobic core for organiz- Detailed Comparison of Three K-Turns Bound
to the 15.5 kDa/L7Ae Proteining the K-turn RNA structure, a folding principle reminis-
cent of globular proteins. A network of hydrogen bonds These three cognate RNAs that bind to the 15.5 kDa/
L7Ae protein differ in their primary and secondary struc-formed between the centrally stacked nucleotides and
those in stem I further stabilize the box C/D RNA fold tures. In order to assess the effect of these differences
on the tertiary structures of the three RNAs, we com-(Figure 2). The A20 2-hydroxyl group forms hydrogen
bonds with C9 O4 and G15 N2 and A7 N1 interacts with pared the tertiary structures of the protein-bound KT-
15 and U4 5-stem RNAs to that of box C/D RNA. Twothe O2 of C16 (Figure 2). In addition, there are five
nucleotides, G6, A7, G17, U18, and G19, adopting the methods were used to align the common regions of the
three RNAs. First, the sugar-phosphate backbone of the2-endo sugar puckering as oppose to the 3-endo puck-
ering seen in A-form RNAs. The transition from 3-endo 15 nucleotides comprising the internal loops plus two
base pairs in the canonical stem (Figure 3) was alignedto 2-endo provides maximum exposure of the major
Structure
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(nucleotide 248 in KT-15 was excluded because it is erty could potentially attract other RNP proteins by ex-
erting long-range interactions (Fogolari et al., 1997;part of the unique base-triple in KT-15). This alignment
allowed us to directly compare the three K-turns without Thomasson et al., 1997; Tworowski and Safro, 2003;
Zacharias et al., 1992), such that the 15.5 kDa/L7Ae-K-considering how they bind to the 15.5 kDa/L7Ae protein.
We found that the overall backbone rmsds are 1.2 and turn complexes and other RNP proteins can form “close
encounters” before the final binding. This interpretation1.9 A˚ between box C/D RNA and U4 5-stem and KT-
15 RNAs, respectively. Thus KT-15 RNA differs more in is consistent with the fact that the sharply bent phos-
phate backbone is a major protein binding site for fiveits overall tertiary structure than U4 5-stem RNA from
that of box C/D RNA (Figure 3), reflecting the difference K-turns of the 23S rRNA (Klein et al., 2001).
In the second alignment method, we first aligned thein secondary structures between the KT-15 and the U4
5-stem RNAs. To further characterize geometric differ- C atoms of the bound 15.5 kDa/L7Ae proteins in their
respective protein-RNA complexes. We then applied theences among the K-turn RNAs, we defined the degree
of bending (bending angle) for a K-turn RNA to be the same transformation operations to the corresponding
RNAs in order to compare the relative orientations ofangle between two vectors that originate from the phos-
phate atom of the protruded U and end at the phos- the K-turn RNAs with respect to their bound proteins.
In this alignment, the overall backbone rmsds of thephates of the fourth nucleotide either upstream or down-
stream of the protruded U. The bending angles for the RNA molecules are 3.0 A˚ between box C/D and U4 5-
stem RNAs and 3.2 A˚ between box C/D and KT-15 RNAs.box C/D RNA, KT-15, and U4 5-stem RNA are 55, 63,
and 45 respectively, indicating the U4 5-stem RNA These differences show that although box C/D RNA has
an overall similar structure to the other K-turn RNAs, ithas the sharpest bending angle (Figure 3B). The large
bending angle of KT-15 RNA is likely due to the substitu- differs in its orientation with respect to L7Ae than the
other K-turns with respect to their cognate proteins. Totion of one GA pair by an A-U•G base triple. In order to
assess how primary sequences influence the geometry further identify the regions in K-turn RNAs that are most
different from one another with respect to their boundof K-turns, we also determined a cocrystal structure of
L7Ae bound with a mutant 25-mer box C/D RNA frag- proteins, we computed averaged backbone rmsd as a
function of residues and plotted these results in Figurement containing a GC pair (U5C/U21G). This mutation
replaces the UU mismatch pair by a GC pair, thus repli- 4 (in this calculation, the nucleotide 248 in the KT-15
involved in base triple was not included). As shown incating the noncanonical stem (stem II) sequences of the
U4 5-stem RNA. The mutant RNA’s bending angle was Figure 4A, the three K-turn RNAs differ most in their
stem regions, particularly in stem I. The best aligned53, a value not significantly different from that of the
wild-type box C/D RNA. Bending angles of noncrystallo- region resides in the three nucleotides where the phos-
phate backbone kink occurs. In the box C/D consensusgraphic symmetry-related RNA copies of the wild-type
box C/D RNA, of the U5C/U21G mutant, and of U4 RNA sequence, this corresponds to RUG nucleotides in box
C (NRUGAUGA) (Figure 4B, red). This result highlightswere measured to be 56, 52, and 48 respectively. Thus
crystal packing appears to have minor effects on the the common structure formed by the three nucleotides
that is important for interacting with the 15.5 kDa/L7Aebending angle and the observed differences are an ef-
fect of individual complexes. However, it remains un- protein. The same alignment procedure was also applied
to the MJ L7Ae-terminal loop K-turn RNA complexclear whether these observed geometric differences in
K-turn RNAs contribute to their binding specificities for (T. Hamma and A. Ferre-D’Amare, personal communica-
tion). We found that the C/D-like terminal loop K-turndifferent proteins.
The juxtaposed phosphate groups of the sharply bent RNA also superimposed well with the box C/D RNA
except for the terminal loop that is absent in box C/Dbackbone can develop a strong electrostatic field in
facilitating further protein assembly. We thus examined RNA (overall 0.6 A˚ rmsd using the sugar phosphate of
the core nucleotides minus those in the canonical stem).and compared the surface electrostatic potentials of the
three K-turn RNAs in the form bound with their cognate The fact that the three K-turns superimpose well
among themselves but deviate significantly when theirproteins. As shown in Figure 3C, despite their subtle
differences in bending angles, the three K-turn RNAs bound proteins were aligned suggests that the K-turn
moves as a single unit when it is bound to the homolo-exhibited generally negative potentials on the surface
near the sharply bent phosphate backbone, but away gous, yet different, proteins. This is illustrated in Figure
4C when the U4 5-stem RNA and the box C/D RNA arefrom 15.5 kDa/L7Ae binding site. This electrostatic prop-
Figure 4. Comparison of K-Turn Orientations with Respect to Their Bound Proteins
The 15.5 kDa protein and the two L7Ae proteins were first superimposed. The orientations of the three bound K-turn RNAs are then compared.
Cyan: box C/D RNA presented in this work; green: KT-15 of HM 23S RNA; blue: U4 5-stem RNA.
(A) The plot of rmsd as a function of nucleotides for the three K-turn RNA as observed in their respective complexes. An average rmsd value
was computed using a moving window of three nucleotides for the total of 15 nucleotides that are common in all three K-turns. The first
nucleotide in the nonkink strand was arbitrarily labeled as 1. This result shows that the best aligned residues are the protruded U and the
two flanking nucleotides.
(B) The three K-turn RNAs, with their respective proteins superimposed, are displayed together in stick models. Nucleotides colored in red
have the smallest sugar-phosphate backbone rmsds.
(C) AF L7Ae (cyan ribbons) and 15.5 kDa protein (blue ribbons) were superimposed with the box C/D RNA and the U4 5-stem RNA represented
by phosphate backbone tracing. Note that the two stem regions of U4 5-stem RNA is shifted with respect to those of box C/D RNA nearly
2.8 A˚.
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compared when their bound proteins were aligned. The impaired snoRNP assembly (Szewczak et al., 2002). In
addition, the O6 atom of G19 is in close contact withU4 5 stem RNA structure is rotated more toward the
loop connecting 1 and 1 than the box C/D RNA, lead- two protein amide groups, those of Asn33 and Glu34.
Different from what was observed in the U4 RNA-15.5ing to an average displacement of nearly 2.7 A˚ of both
stems I and II. This displacement results in some differ- kDa complex, the G43-equivalent nucleotide (G6 in box
C/D RNA) does not form sequence-specific interactionsences in RNA-protein interactions between the box C/D
and the U4 5-stem RNAs, which may determine speci- with a conserved lysine residue (Lys44 in 15.5 kDa and
Lys37 in AF L7Ae) (Figure 5). This is the result of theficity of 15.5 kDa/L7Ae binding and subsequent s(no)
RNP assembly. These differences are discussed in the differing orientations that box C/D and U4 RNAs hold
with respect to their bound proteins (Figure 4). However,next section.
the hydroxyl groups of G6 have close contact with resi-
dues in 2 (Figure 5). These observed specific interac-
Protein-RNA Interactions in the L7Ae-Box tions formed by the two G nucleotides in boxes C and D
C/D RNA Complex provide the structural basis for the previously observed
L7Ae binds to the box C/D RNA structure around the mutagenesis data on the two G nucleotides (Watkins et
severely bent phosphate backbone, primarily contacting al., 1996, 2000; Kuhn et al., 2002). The two A nucleotides
six RNA nucleotides, U5, G6, C16, G17, U18, and G19 of the GA pairs do not form base-specific interactions
(Figure 5B, colored nucleotides), three of which (G17, with L7Ae residues at all, yet their mutations also dis-
U18, and G19) are those that have the most conserved rupted L7Ae-box C/D RNA interactions (Szewczak et
positions with respect to the bound protein (see above al., 2002; Kuhn et al., 2002; Rashid et al., 2003). This
section). Protein residues that are in close contact with suggests that the base-pairing capability of A with G
box C/D RNA reside in 2, 1, and the loops joining nucleotides is important in maintaining RNA-protein in-
1-2 and 4-5. Because the overall mode of interac- teraction.
tion has been described previously for the 15.5 kDa-U4 Deletion of the two bulged nucleotides upstream of
RNA (Vidovic et al., 2000) and the HM L7Ae-KT-15 (Klein the protruding U resulted in reduced affinity of L7Ae for
et al., 2001) complexes, we will focus on comparing box C/D RNA (Kuhn et al., 2002). These two nucleotides
features in box C/D RNA to those of the other two K-turn also participate in protein-K-turn RNA interaction. C16
RNAs. (C16GUGAUGA) forms a hydrogen bond with Glu89 in
U18 (NRUAGUAG) protrudes from the center of the the loop connecting 5 and 4 (Figure 5). G17 (CG17
K-turn into an electrostatically neutral surface on L7Ae, UGAUGA) forms hydrophobic interactions with a con-
with its minor groove edge against the L7Ae surface served nonpolar residue, Ile88, within the same L7Ae
(data not shown). Thus this nucleotide is primarily stabi- loop. The unique syn conformation of G17 is necessary
lized by hydrophobic interactions. Two hydrogen bonds as it enables G17 to extend the favorable hydrophobic
are observed between U18 and L7Ae. The N atom of interaction mediated by the coaxial purine stack within
Lys79 forms a hydrogen bond with the O4 atom in U18 the K-turn to the conserved hydrophobic residue, Ile88,
and the carbonyl oxygen of Glu54 forms a hydrogen in L7Ae. This mode of protein-RNA interaction is consis-
bond with the N3 atom, which is specific for pyrimidines. tent with the preference for a purine residue at this posi-
Interestingly, Lys79 is not conserved among the L7Ae tion in box C and is likely to be important in restricting
family of proteins. It is replaced by a glutamine in a the positioning of the K-turn with respect to L7Ae. The
number of L7Ae homologs including the HM L7Ae (se- identity of this unpaired purine in box C/D motifs was
quence alignment not shown). This mode of interaction shown experimentally to be important in maintaining
suggests that shape complementarity between L7Ae binding affinities of Snu13p (yeast homolog of 15.5 kDa)
and U18 is the strongest specificity determinant for the for the box C/D and the box B/C motifs of a truncated
protruded nucleotide. Therefore other pyrimidines can U3 snoRNA (Marmier-Gourrier et al., 2003). Given the
also be accommodated at this position. In agreement importance of the loop connecting 5 and 4 in inter-
with this conclusion, gel mobility shift results showed acting with the two unpaired nucleotides, it is surprising
that L7Ae bound equally well to the box C/D RNA when that the amino acids of this loop differ substantially
the protruded U was mutated to C (Kuhn et al., 2002). between 15.5 kDa and L7Ae (Figure 5). This difference
However, this uridine is strictly conserved in box C of could potentially contribute to the observed difference
all archaeal box C/D RNAs, which raises the strong pos- in U4 5-stem RNA orientation with respect to the bound
sibility that this nucleotide is required for additional in- 15.5 kDa protein. By inference, a difference in orientation
teraction with other box C/D proteins, such as the Nop5p would be expected in box C/D RNA bound to 15.5 kDa
protein. than to L7Ae.
The most highly conserved region of L7Ae is NExxK
in 2, which interacts with the two guanosines forming
the tandem GA pairs in a base-specific manner (Figure Conclusion
In Archaea, the large ribosomal subunit protein L7Ae5). Glu34 forms two hydrogen bonds with G19 (RUG
AUGA), one with the N2, and one with the N1 atoms. plays a key functional role in box C/D sRNP assembly
apart from its function in protein biogenesis. It interactsThe N2 atom of G19 also participates in formation of
the sheared G19A7 base pair. The importance of the N2 specifically with the conserved sequences in box C/D
RNA to initiate box C/D sRNP assembly. Our structuralhydrogen bonds was demonstrated experimentally in a
nucleotide analog interference modification (NAIM) ex- studies show that, upon binding of the L7Ae protein,
the conserved box C/D sequences form a K-turn motifperiment where inosine substitution of this G nucleotide
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that is characterized by a core coaxial purine stack and cognate K-turn could drive the RNA conformation to-
ward that of tightly kinked structure, such as those ob-a sharply bent phosphate backbone. The refined crystal
structure of the AF L7Ae-box C/D RNA complex shows served in the crystals structures. Such dynamic process
could potentially confer the binding specificity of thein atomic detail the molecular mechanism by which L7Ae
recognizes the box C/D region of a s(no)RNA. The mole- 15.5 kDa/L7Ae protein for different K-turns. It is well
recognized that conformational dynamics is an impor-cular details revealed by the crystal structure of the
complex illustrate the importance of box C/D sequences tant specificity determinant in protein-RNA interactions
(Frankel and Smith, 1998; Mittermaier et al., 1999; Sho-in ribosomal RNA modification and processing, as muta-
tions within the box C/D K-turn abolish assembly of the walter and Hall, 2002).
The L7Ae-box C/D RNA crystal structure provides aparticles in both Archaea and Eucarya.
Recent studies suggest that 15.5 kDa, but not L7Ae, platform previously not available to rationalize subse-
quent assembly of other s(no)RNP proteins. Differentexhibited weaker affinity toward the internal box C/D
motif (or box C/D) of snoRNAs (Szewczak et al., 2002; L7Ae-RNA complexes are further associated with differ-
ent proteins to form functionally distinct RNPs whereTran et al., 2003; Rashid et al., 2003). In Archaea, the
box C/D motif has nearly perfect consensus sequence the structural and dynamic differences of the final L7Ae-
RNA complexes determine the specificity. The immedi-of the box C/D motif, but its stem I is replaced by a
terminal (stem) loop of variable length (Omer et al., 2000). ate environment of L7Ae-KT-15 RNA complex within the
large ribosomal subunit is now known (Ban et al., 2000).The fact that the protein-RNA interface of the AF L7Ae-
box C/D RNA superimposes well with that of MJ L7Ae- L15e is associated with the L7Ae-KT-15 complex at the
sharply bent RNA backbone and together with L7Ae,box C/D-like terminal loop K-turn RNA (T. Hamma and
A. Ferre-D’Amare, personal communication) suggests forms a tight pocket for the protruded uridine (Ban et
al., 2000). Currently there are no cocrystal structuresthat the terminal loop has minimal effect on L7Ae-
K-turn RNA interaction. This is consistent with a sym- of the L7Ae-box C/D RNA complex with other sRNP
proteins. Previous structural studies on fibrillarin-Nop5pmetric assembly model of L7Ae with sRNAs. On the
contrary, the box C/D motif in eukaryotic snoRNAs complex alone and biochemical studies on sRNP as-
sembly have unambiguously identified the COOH do-contains imperfect box C/D sequences in addition to
the similar structural difference in stem I as that in sRNAs main of Nop5p as the primary site responsible for bind-
ing to the box C/D RNA bound with L7Ae (Aittaleb et(Kiss-Laszlo et al., 1998; Lowe and Eddy, 1999). In light
of the important structural roles played by box C/D se- al., 2003; Rashid et al., 2003). There is no structural
homology between the COOH domain of Nop5p andquences in maintaining the K-turn structure for inter-
acting with L7Ae, deviations of box C/D nucleotide L15e. Thus, it is expected that the fibrillarin-Nop5p com-
plex interacts differently with the RNA-L7Ae complexsequences from the consensus may have a direct im-
pact on binding affinity of 15.5 kDa. For instance, muta- than L15e does. The L7Ae-box C/D RNA complex as
observed in our crystal structure reveals a number oftion of the purine preceding the protruded U (NRU
GAUGA) led to reduced affinity of Snu13p for the two RNA sites that can potentially interact with Nop5p: the
sharply bent phosphate backbone of box C, the widenedK-turn motifs in a truncated, but functional, U3 snoRNA
(Marmier-Gourrier et al., 2003). We also note that in the major grooves of stems I and II, and the flattened minor
groove. Proteins that can interact with each of thesegel mobility shift and nucleotide analog interference
modification (NAIM) study where 15.5 kDa was found to surfaces in a K-turn RNA have been observed in the HM
50S ribosome crystal structure (Ban et al., 2000). Thus, itpreferentially associate with box C/D motif, the compos-
ite snoRNA contained a cytidine, instead of a purine, is conceivable that the COOH domain of Nop5p interacts
with the bent phosphate backbone of box C includingimmediately 5 to the protruded uridine within its box
C (Szewczak et al., 2002). Thus this unpaired nucleotide the major groove edge of the protruded U and stem II.
Evidence for this includes: (1) mutation of the protrudedin boxes C and C may have a more important role in
protein-K-turn recognition than previously appreciated. U to C in a box C/D RNA did not influence its binding
to L7Ae but reduced the binding affinity of the fibrillarin-A systematic investigation on the functional roles by
each of the box C/D consensus sequences, together Nop5p complex (our unpublished data); and (2) mutation
of stem II nucleotides in U14 snoRNA abolished associa-with that of the key amino acids of 15.5 kDa/L7Ae in-
volved in RNA recognition, is necessary to understand tion of Nop58p/Nop56p (Watkins et al., 2002). Being
tightly associated with fibrillarin, Nop5p thus functionsthe origin of 15.5 kDa/L7Ae specificity for K-turn RNAs.
The analogous protein-RNA interface formed between as a bridge between the catalytic subunit of the methyla-
tion enzyme and the target RNA base paired with the15.5 kDa/L7Ae with four different K-turn RNAs suggests
a conformational “adaptability” of K-turn RNAs in bind- antisense sequence of box C/D RNAs.
In eukaryotic cells, how do the Nop56/58p proteinsing to the 15.5 kDa/L7Ae protein, as the underlying dif-
ferences in primary and secondary structures of K-turns and the spliceosomal protein, 61 kDa, as well as the 20/
60/90 kDa complex associate with their cognate RNA-may lead to different tertiary structures and dynamic
behavior in K-turn RNAs prior to protein binding. A re- 15.5 kDa complexes? Interestingly, the 61 kDa protein
(or Prp31p in yeast) has 30% sequence identity tocent study by eletrophoretic mobility and time-resolved
fluorescence resonance energy transfer (FRET) shows Nop56/Nop58p. This suggests that box C/D snoRNPs
may share the same core complex with the U4 snRNP,that a K-turn RNA in solution is polymorphic with a less
kinked structure and a tightly kinked structure in equilib- at least up to the level of associations of the Nop56p/
58p and the 61 kDa proteins. As crystal structures ofrium, even at relatively high magnesium concentrations
(Goody et al., 2004). Association of a protein with its more completely assembled RNPs become available, it
Structure
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Figure 5. Comparison of the L7Ae-Box C/D RNA Contacts with Those in the 15.5 kDa-U4 5-Stem RNA and HM L7Ae-KT-15 Complexes
(A) Sequence alignment of AF L7Ae, 15.5 kDa, and HM L7Ae. Strictly conserved amino acids are in black and those similar are in gray. Short
lines denote a contact observed between the amino acid with an RNA nucleotide. The RNA nucleotides are represented by colored numbers
that correspond to those labeled on the secondary diagram shown below the protein sequence alignment. This secondary structure is common
among the three K-turns with the exception of the base triple in KT-15. The nucleotide 248 in KT-15 does not contact HM L7Ae and was not
included in this analysis. An italic nucleotide number indicates a nonspecific interaction between the nucleotide and the protein residue while
a boldface type font indicates a specific hydrogen bonding interaction. On the secondary structure diagram, the known mutations in box C/D
RNAs and their binding results are depicted by arrows and by different fonts respectively.
(B) AF L7Ae-box C/D RNA interface. Residues on L7Ae that are within 3.2 A˚ to any nucleotides of box C/D RNA are labeled and are shown
in orange stick models. Four RNA nucleotides that are important for interacting with L7Ae are shown in stick models and are colored the
same as those in the secondary structure of the box C/D RNA in (A).
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A. Ferre-D’Amare and B. Brown II for sharing the coordinates of MJwill be possible for us to test these hypotheses on RNP
L7Ae-RNA complex and MJ L7Ae before publication.assembly initiated by the association the 15.5 kDa/L7Ae
protein with K-turn RNAs.
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